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A linearly-polarized incident GPR signal experiences polarization change upon
scattering from dielectric circular cylinders. The polarization characteristics of the
scattered fields depend, besides many other factors, on frequency content of the signal
(cylinder size versus wavelength) and the electric and magnetic properties of the
host medium. Here, I study the influence of these two factors on the incident wave
depolarization.
Starting with a published solution for the plane wave scattering from a cylinder,
I make two assumptions to get a simple formula for the polarization of the scattered
wave. The formula as well as exact modeling show that the ratio of wavelength-
to-radius (λ/a), which increases with increasing velocity or decreasing frequency, is
the primary factor influencing the polarization characteristics of the scattered waves.
The scattered waves have, in general, an elliptical polarization. For small λ/a ratio,
the polarization ellipse is mostly parallel to the long axis of the cylinder. As the
ratio decreases, the ellipse becomes more parallel to the incident polarization, and
therefore, less significant depolarization takes place. Consequently, the amplitude
of the scattered cross-polarized , relative to the co-polarized, component decreases
with increasing frequency content of the incident signal or increasing of host-medium
dielectric permittivity or magnetic permeability. I have noticed no dependence of
the cross-polarized amplitude on the medium loss as long as the cross-polarized com-
ponent is detectable. The amplitudes of both components, co- and cross-polarized,
decays exponentially of the same rate with increasing medium electric-loss tangent.
These results were verified through a more realistic FDTD numerical modeling and
iii
a field experiment.
Given a cylinder size, through modeling, I determined the optimal GPR cen-
tral frequency that produces the best co- and cross-polarized response; namely, the
frequency corresponding to a wavelength-to-diameter ratio of two. In addition, I
found that the polarimetric data are useful for differentiating among different types
of pipes; namely, metallic, air-filled and water-filled PVC pipes. This can be done by
comparing the polarity of co-polarized and cross-polarized data.
iv
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Ground Penetrating Radar (GPR) is a geophysical tool that is commonly used
in near-surface environmental and engineering applications (Ulriksen, 1982; Olhoeft,
1986, 1992; Roberts, 1994; and Annan and Daniels, 1998). In practice, GPR is used
mostly to find just the horizontal location of anomalies such as utility pipes and
cables.
Through more careful GPR data acquisition (Guy et al., 1999) or data processing
and modeling (Olhoeft, 2000), more information about the subsurface and the target
can be obtained. This includes the geometry and the electric and magnetic properties
of the target as well as of the host medium.
The added information is obtained by studying changes in properties of the inci-
dent electromagnetic waves (EM) that occur upon scattering or reflection as described
by the radar equation (Powers, 1995). These properties are the wave amplitude,
phase, polarization, frequency content, and polarity. The descriptors used in such
studies are Fresnel reflection coefficients, Snell’s angles, and the Stokes scattering
matrix.
The bistatic common-offset configuration using a single transmit antenna and a
single receive antenna is the most commonly used geometry in GPR surveys. In it,
the offset between the two antennas is usually small and kept constant throughout
the survey. When the electric fields of the transmit and receive antennas are parallel
to each other, the field data are called co-polarized; otherwise, if the electric field of
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the transmit antenna is orthogonal with respect to the receive antenna, the data are
called cross-polarized. In most GPR applications today, only co-polarized data are
acquired and used in analysis and interpretation. This is because polarization of EM
waves, which governs the vector nature of the GPR electromagnetic fields, is largely
ignored by practitioners and interpreters. Moreover, only a small number of the GPR
systems capable of acquiring such data are being manufactured. An example of such
commercial GPR imaging systems, is the CART Imaging System (”CART” stands
for ”Computer Assisted Radar Tomography”) from Witten Technologies, Inc.(WTI),
for more details visit their website: http://www.wittentech.com.
The importance of the polarization characteristics of EM waves and their po-
tential usage in target identification and polarization synthesis have been known for
many years. Although the researches began early in the 50s (Sinclair, 1950), the
first practical application, however, was in the remote sensing industry beginning in
the 80s (Zebker et al., 1987; Van Zyl et al., 1987; Van Zyl and Ulaby, 1990). The
first multipolarization GPR system was actually used on the moon in 1972 on Apollo
17 (Simmons, 1972). Recent studies, some are listed below, show that using GPR
polarization enhances the accuracy of subsurface imaging and target identification.
In practice, the GPR polarization properties are exploited by recording and analyz-
ing two orthogonal co-polarized components (HH and VV) as well as two orthogonal
cross-polarized components (HV and VH).
Roberts (1994) and Moriyama et al. (1997) showed that the scattering matrix
obtained from polarimetric measurements (the four components) contains useful in-
formation for classification and recognition of subsurface targets. Guy et al. (1999)
and Daniels et al. (2003) also showed the importance of multipolarization 3D GPR
data for interpretation.
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In his thesis, Roberts (1994) thoroughly studied the polarization characteristics
of scattered GPR waves from a circular cylinder. He showed, through numerical and
experimental modeling, that the polarization characteristics change with the cylinder
size, orientation, depth, and its composition contrast with the host medium (varying
properties of the cylinder only). Daniels and Radzevicius (2000) presented GPR data
recorded in a sand test pit which confirmed that the scattering characteristics of a
cylinder depend on the size of the cylinder and its direction with respect to the electric
field of the antennas.
In this thesis, I show that the properties of the host medium where the cylinder is
buried also have an influence on the polarization characteristics of the scattered field,
as opposed to just the cylinder properties studied by Roberts (1994). The objective
is to study changes in these characteristics as a function of host medium electric and
magnetic properties. I also find the central GPR frequency that provides the best co-
and cross-polarized response. GPR polarization is studied:
1. analytically by finding and analyzing an approximate analytic formula of the
scattered field, and also by studying some models using the exact solution.
2. numerically by modeling and analyzing GPR data using a finite-difference time-
domain (FDTD) numerical modeling program, and






In this chapter, I introduce the characteristic polarization. It describes the vector
nature of electromagnetic waves, which is ignored by most GPR practitioners. The
polarization state of EM waves may be given by several parameters; here, I intro-
duce one of them, namely, the polarization parameter. I also discuss the process of
depolarization and the benefits of considering polarization in GPR practice.
2.2 Introduction
A mono-frequency electromagnetic wave propagating in a given direction has six
basic characteristics: frequency, amplitude, phase, polarization, direction, and polar-
ity. Polarization refers to the vector orientation of the electric field vector E of the
EM wave at a given point as a function of time. Figure 2.1 shows the classical picture
of an EM wave propagating in a lossless medium, such as free space. The vertical
arrows indicate the direction of the electric field vector, while the horizontal arrows
indicate the direction of the magnetic field vector. The two vectors are orthogonal to
each other and to the direction of propagation.
In Figure 2.1, each vector is confined to a plane that is parallel to the direction
of propagation; therefore, it is called linearly polarized. The EM wave shown in
Figure 2.2, on the other hand, shows an EM wave with circular polarization. The
6
(Balanis, 1989)
Figure 2.1. Linearly polarized EM wave propagating in a lossless medium (Balanis,
1989).
waves illustrated Figures 2.1 and 2.2 are propagating in a lossless medium. For a
lossy medium, the amplitude of the waves decays exponentially in space. Moreover,
the electric and the magnetics fields will be out of phase.
In general, the polarization is elliptical since, at a particular point of space,
the electric field vector rotates to trace an ellipse. If the directions of the electric
and magnetic fields remain fixed as the wave propagates through space, then the
wave is said to be perfectly linearly polarized. Depolarization is the change in this
EM wave polarization state as a consequence of reflection, scattering, diffraction, or
some other interaction with matter (Beckmann, 1968). Note that rotation of the
polarization ellipse only is not considered to be depolarization. Another definition
that is also used in the literature but will not be used here is that depolarization is



















The benefits of considering polarization in the GPR method are demonstrated
in some of the references listed above. They can be put into three groups (Daniels et
al., 2003):
• Optimization: In many cases, using a certain type of input polarization will
accomplish a given task better than any other. The shape of some targets can
be inferred using a polarization other than the conventional linear polarization
used in GPR practice.
• Discrimination: If two signals arrive at the same time, they might be impossible
to separate based on just frequency, amplitude or phase. Often, however, the
two waves differ or can be made to differ in polarization. For example, the data
recorded using cross-polarized antennas will record almost zero direct signal,
which implies less interference with the signal scattered from the target. In an
isotropic and homogeneous medium, undesired reflectors are often horizontal
planar, therefore are less efficient depolarizers than is the desired target. In
such cases, the amount of clutter is less in cross-polarized data than that in
co-polarized data
• Identification: Since the shape and orientation of a scatterer on the one hand
and the propagation medium on the other hand influence the polarization, it
is sometimes possible to isolate the scatterer geometry or the host medium
properties by observing the polarization characteristics of the scattered field.
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2.4 Depolarization
To study the depolarization of EM waves, a method is required to define the
polarization state of the incident and the scattered waves. Several methods are com-
monly used in the literature, among which are the polarization ellipse, the polarization
factor, Stokes parameters, and Poincaré sphere (Beckmann, 1968). In this study I
use both the polarization factor p and the polarization ellipse. The main advantage
of using the polarization factor is that it completely describes the polarization of the
wave without being burdened by other quantities such as amplitude. In addition, it
is particularly convenient for depolarization investigations.
Let’s assume an incident plane wave in the rectangular reference coordinate sys-
tem shown in Figure 2.3, where the xy-plane is parallel to the mean earth surface. A
transverse EM wave has its electric field vector E and magnetic field vector H in a
plane perpendicular to wave propagation direction k.
The incident electric field, Ei, can be decomposed into two components: one
parallel to the xy-plane, Ei
TE









taken in any orthogonal directions. The polarization state of the scattered wave is
similarly obtained by decomposing the scattered field Es to a component parallel to
the xy-plane, Es
TE
, and a component perpendicular to it, Ei
TM
. The polarization factor






where l is replaced by i for incident waves, s for scattered waves, and t for trans-
















































Figure 2.3. A plane wave impinging on an infinite cylinder oriented along the x-
axis; the xy-plane is parallel to the surface of the earth. The incident wave direction
makes an angle of θi with the negative x-axis. The top view shows the two directions
along which the scattered waves are found; parallel to the incident waves, Ei‖, and
perpendicular to them, Ei⊥. The dashed lines show the directions along which the
GPR antennas traverse the cylinder in the modeling and experiment sections.
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propagation direction vectors ks and kt .
In GPR practice, the gap between the transmit and the receive antenna is small
relative to target depth, about 0.2 m, so the data are almost zero-offset. Therefore,
most of the scattered energy consists of specular reflections that are at normal inci-
dence from the cylinder. This can be verified by comparing the hyperbolic diffraction
from a cylinder in a 90◦- and 45◦-line. Even though the medium is still the same,
the slope of the hyperbolic asymptote is smaller in the 45◦-line than that in the 90◦-
line; for examples, see the real field data in the last chapter. If the source is nearly
directly above the target, then the scattered waves travel vertically, which means the
z-component is zero or almost negligible. This is especially true when the incident
waves scatter from a deep target and arrive at the receiver, almost, as a plane wave.
In general, however, one should somehow determine the vector k before computing
the polarization state of any waves.
The depolarization process was discussed in detail in Beckmann (1968). When
an EM wave reaches a scatterer, the electric field of the EM wave interacts with the
charges on the surface. If the scatterer is a thin wire parallel to the incident electric
field, the charges move in the wire, parallel to the incident field, to induce scattered
waves. For another scatterer with different geometry, the interaction between the
physical distribution of the charges and the incident polarization determines the po-
larization of the scattered waves. In brief, EM waves undergo polarization change,
that is depolarization, when they
• diffract from an edge whose radius of curvature is comparable to or smaller than
a wavelength, rough volume scattering, or
• reflect from a rough surface where the sizes of the irregularities are comparable
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Figure 2.4. Cartoon showing a linearly polarized EM-wave obliquely incident on a
plane. It might be reflected with an elliptical polarization depending on the reflection
coefficient and smoothness of the reflecting plane.
• reflect obliquely from a smooth surface where the reflection coefficients of the
parallel and perpendicular components differ, as shown in the example in Fig-
ure 2.4.
In this study, I investigate EM waves scattering from an infinite cylinder whose
radius is comparable to or smaller than the dominant wavelength. The incident
electric field can be decomposed into two components: one parallel to the incidence




in Figure 2.3. The scattering coefficients of these two components are not
equal in general. Therefore, the polarization of the total scattered field, in general,
differs from that of the incident field. The difference between the two coefficients
increases as the radius of the cylinder decreases (Roberts, 1994).
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Chapter 3
ANALYTICAL ANALYSIS AND EXACT MODELING
3.1 Summary
In this chapter, I present the exact solution of EM plane waves scattered from
an infinite cylinder. This solution was published by Wait (1955). The solution is first
simplified to obtain an approximate analytic formula that helps us get an insight to
the problem. The exact solution is coded using Matlab to test certain models with
different parameters.
3.2 Introduction
The problem of scattering from objects with known geometry is best solved using
different methods depending on the size of the scatterer relative to the wavelength
(Beckmann, 1968):
• For objects with smooth surfaces and edges larger than the incident wavelength,
approximate methods such as geometric optics (ray theory) can be applied to
obtain the scattered field.
• For rough surfaces, the diffraction method should be used.
• For edges with a size comparable to the wavelength, the exact solution can be
found for simple objects such as spheres and cylinders.
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• For a heterogeneous medium or complicated geometry, it is easier to use a
numerical method such as finite-difference.
The problem of EM waves scattering from a cylinder was first investigated by
Rayleigh in 1918; since then, many papers have been published on this topic. Most of
these studies, however, focused on the specific case of normal incidence on a cylinder.
The more general treatment of oblique incidence on a dielectric cylinder was first
presented by Wait (1955). A similar methodology but different presentation was used
by Ruck et al. (1970) to solve the same problem. In this study, I use the solution
presented by Wait (1955) for modeling and analysis.
3.3 Scattering From a Cylinder
Assume that a horizontal cylinder with radius a, absolute dielectric permittivity
ε2 , and magnetic permeability µ2 is buried at depth d in a homogeneous and isotropic
host medium whose permittivity and permeability are ε1 and µ1, as in Figure 2.3.
µ and ε of the medium and the cylinder are, in general, complex numbers. µ is
presented as µc = µ
′− jµ′′, and ε is presented as ε
eff
= εc− j σ/ω, where εc = ε′− jε′′,
σ is the electric conductivity, and ω is the angular frequency of the wave. Therefore,
ε
eff




The absolute permittivity εc and permeability µc of the medium are usually presented
relative to the free-space permittivity ε◦ and permeability, µ◦, εr = εc/ε◦ and µr =
µc/µ◦.
Assume a plane wave with electric field linearly polarized is incident in a direc-
tion making an azimuth angle θp with respect to the long axis of the cylinder as in
Figure 2.3. We also assume that the wavelength of the plane wave is comparable to
15
the diameter of the cylinder; the maximum wavelength should be about three times
as large as the diameter of the cylinder.We assume that the irregularities in the sur-
face of the cylinder and the volume of the host medium are small, less than a third
wavelength, specifically not of the same order as the wavelength of GPR signal. These
assumptions are needed to focus on the objective of this study; namely, depolarization
caused by a small-size cylinder.
To study the incident wave depolarization, we need to determine the scattered-
wave polarization state and compare it with the incident polarization state. In prac-
tice, however, the direction of the cylinder, therefore, the xy-coordinate system, is
not known before the survey is conducted. Therefore, it is more convenient to use
an alternative coordinate system along the orthogonal vectors E‖ and E⊥. In this
system, Ei‖ = E
i and Ei⊥ = 0. The scattered field E
s is usually solved for using the
xy-system, Esx and E
s
y, and then decomposed into E‖ and E⊥.
Wait’s exact solution for an oblique plane wave scattering from a cylinder is
presented in Appendix A. For the special case of normal incidence and linear po-
larization, the components of the scattered fields are presented in equations (A.13).
These equations confirm some of the already known results about the scattering char-
acteristics of a dielectric cylinder (Roberts, 1994). For example, the scattered field
depends not only on the electric and magnetic properties of the host medium and
the cylinder, but also on the orientation of the cylinder relative to the source polar-
ization. Equations (A.13) are complicated and do not provide analytic insight into
the problem. For this reason, I make the following two fundamental assumptions to
simplify them:








I must acknowledge that the second assumption is not physically practical except
for the trivial case of no contrast. For a metallic cylinder, where µ and ε are large
(Table 3.2), this assumption is acceptable. This assumption is used only to get
an analytical insight into the problem and will not be used in the remainder of the
study. Under these assumptions, equation (A.13) simplifies to equation (A.19), which




) tan θp E
s
x , (3.2)
where ρ and γ are the radial distance from the center of the cylinder and the propaga-
tion constant of the incident waves, respectively. Using the definition of γ ≡ jω√εµ,








) tan θp . (3.3)
If the incident field is linearly polarized in a direction that makes an azimuth
angle θp with the x-axis, the polarization factor p can be found after projecting E
s
x
and Esy along the directions of the unit vectors e‖ (co-polarized component) and e⊥
(cross-polarized component) as in equations (3.4):
E‖ = Ex cos θp + Ey sin θp ,
E⊥ = Ex sin θp − Ey cos θp ,
p = E⊥/E‖. (3.4)
Substituting equation (3.3), gives
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ps =
j cos θp sin θp
2ωρ
√
ε1µ1 + j sin
2 θp
. (3.5)
The polarization factor p can be used directly to characterize the depolarization
process. Since the incident wave is linearly polarized, its polarization factor pi = tan θp
is a real number. From equation (3.5), we notice that the polarization factor is zero
when the incident polarization is parallel or perpendicular to the cylinder, θp = 0
◦ or
θp = 90
◦, as expected. In these two extreme cases, no depolarization takes place. The
maximum polarization factor p is obtained by taking the derivative of the magnitude
of p with respect to the polarization angle θp. I found the maximum to be for θp near
45◦, as known in the literature (Roberts, 1994).
From equation (3.5), for a given polarization angle θp the magnitude of p de-
creases with increasing permittivity, permeability, and frequency. As the magnitude
of p decreases, the amplitude of the cross-polarized component E⊥ also decreases.
3.4 Exact Modelling
In this section, the influence of each of these parameters will be explored using
the exact solution and compared with the results from the approximate formula. The
incident waves are assumed to be linearly polarized and the polarization angle θp to
be 45◦, since this is the orientation of maximum cross-polarized amplitude.
The input GPR signal used in the models shown in this section and the subse-
quent sections is the 500-MHz Ricker wavelet (Sheriff, 1984). The power spectrum of
this wavelet is shown in Figure 3.1.
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Figure 3.1. The power spectrum of the wavelet used in the models presented in
Figures 3.2 to 3.7. It is a Ricker wavelet (Sheriff, 1984) with a peak frequency of
500 MHz.
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3.4.1 Frequency and Depth
Since γ increases with frequency, equation (3.5) predicts that the magnitude of
p decreases with increasing frequency. The ratio of the wavelength to the cylinder
radius λ/a decreases with increasing frequency, and the cylinder surface becomes
closer to appearing as a plane interface. Since no depolarization happens for normal
incidence on a planar interface (Balanis, 1989), less significant depolarization takes
place as frequency increases, as shown in the example in Figure (3.2). In part (a),
each ellipse corresponds to a scattered mono-frequency plane wave composing the
incident wavelet. At low frequencies, the ellipses are almost parallel to the cylinder.
The ellipses, however, become more elliptical and parallel to the incident polarization
at high frequency. The superposition of all these ellipses produce the complicated
elliptical pattern shown in (b). It looks as if it is composed of two overlapping
ellipses; one parallel to the cylinder and one parallel to the incident polarization.
Note, however, that the wavelength of the transmitted waves through the cylinder
might be comparable to the cylinder diameter even for large frequencies. In such a
case, the emerging waves from the interior of the cylinder will have different scattering
properties from the waves scattered from the the exterior wall. This will be noticed in
the modeling and experimental data. For example, we will notice that the amplitude
of the scattered field from the exterior wall is larger than the amplitude of the primary
scattered field from the top of the cylinder, Figure 4.5-(a).
Roberts (1994) showed that the scattered field from deeper cylinders tend to be
more parallel to the true orientation of the cylinder because the incident field appears
more planar. This result cannot be obtained from equation (3.5) because this whole
analysis is based on incident plane waves.
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Figure 3.2. A GPR Ricker wavelet scatters upon incidence on an infinitely long
perfect-conductor cylinder with .05 -m radius. Each frequency component of the
input wavelet scatters with a certain polarization ellipse; a few are shown in (a),
from 134 MHz to 1032 MHz every 33.2 MHz. The total response of the wavelet has
a complicated pattern, shown in (b), which is the superposition of all the ellipses in
(a). The dry-sand parameters listed in Table 3.1 are used in this model. The arrows
represent the orientation of the electric field variation with time, frequently referred
to as the sense of rotation. The thick line, denoted by input polarization, indicate
the polarization of the incident signal.
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3.4.2 Non-dispersive Medium
In a non-dispersive medium, both ε
eff
and µc are real, which implies that the




of the host medium, or the frequency ω of the incident waves, become larger. Since the
EM velocity decreases with increasing ε1 or µ1 , the amplitude of the cross-polarized
component becomes less as the medium velocity decreases.
Figure 3.3 shows, for a range of relative permittivity values of the host medium
ε
r1
, the exact polarization ellipse and the polarization-factor magnitude of the scat-
tered field from a cylinder embedded in lossless media. The cylinder is an infinite
perfect conductor and is .05 m in radius. The input signal is the 500-MHz Ricker
wavelet. Each polarization ellipse has a complicated form because it is a result of the
superposition of many perfect ellipses corresponding to the plane waves composing the
input wavelet. Since the polarization response depends on frequency, equation (3.5),
each plane wave will have a different polarization ellipse upon scattering. The polar-
ization of the scattered waves is generally elliptical in shape, with differing ellipticity
and orientation. The approximate ellipse increasingly become more linear and par-
allel to the incident polarization as the permittivity increases. The magnitude of p
decreases exponentially with εr1 ,and approaching zero. When εr1 = 17, no depolariza-
tion takes place since the scattered field is still linearly polarized; the cross-polarized
component, nevertheless, is still observed. For larger permittivity, the polarization
becomes somewhat elliptical again, but with different sense of direction; the direction
of the arrows in the ellipse for εr=5 and εr=39 are opposite in direction.
Similar plots of polarization behavior for various values of relative permeability,
µr1, of the medium are shown in Figure 3.4. The same input signal and cylinder used
in the previous test are used here. The rotation of the ellipse and the linearization, and
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therefore depolarization, however, are not so variable as when permittivity changes.
This is because the values of the relative permeability for a typical soil range between
1 and 2 at most.
As the relative parameters εr and µr of the host medium increase, the phase
velocity of the incident wave and, therefore, the wavelength λ decrease. As the ratio
wavelength-to-radius λ/a decreases, the surface of the cylinder appears more planar
to incident waves. In Figures 3.3 and 3.4, the cylinder is assumed to be a perfect
conductor, which helps the validity of the second assumption we made earlier. These
results, however, are still valid for other models where the cylinder is composed of,
or filled with, high- or low-velocity material compared to that of the host medium.
3.4.3 Dispersive Medium
When the medium is dispersive, then either the dielectric permittivity ε or the
magnetic permeability µ or both are complex functions of frequency, or the conduc-
tivity is larger than zero. Assuming a typical soil where µr is constant and equal to
one, the permittivity in equation (3.5) is replaced by the effective permittivity which
is a function of the conductivity σ and the complex-valued absolute permittivity εc.





, is modeled using the single-relaxation





1 + j ω τε
)
, (3.6)
where δ ≡ (εrs − εr∞)/εr∞, εrs is the static relative permittivity, εr∞ is the relative
permittivity at theoretically infinite frequency, and τε is the relaxation time. For zero
conductivity, the medium is lossless when δ is zero.
Note that for a fixed frequency ω < 1/τε, δ mainly influences the magnitude of εr ,
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Figure 3.3. Polarization ellipses (a) and the magnitude of the polarization factors (b)
for models with various values of relative permittivity ε
r1
for the host medium. The
relative permeability µr1 of all the models is assumed to be unity. The thick line,
denoted by input E, represents the polarization of the incident signal.
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Figure 3.4. Polarization ellipses (a) and the magnitude of the polarization factor (b)
for models with various values of relative permeability µ
r1
of the host medium. The
relative permittivity εr1 of all the models is fixed at 3. The thick line, denoted by
input E, represents the polarization of the incident signal.
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Figure 3.5. Polarization ellipses (a) and polarization factor magnitude (b) for models
with different δ. The relative permeability of all the models is assumed to be unity.
The thick line, denoted by input E, represents the polarization of the incident signal.
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Figure 3.6. Velocity and attenuation as functions of δ for the 500-MHz EM plane
wave in a dispersive medium. While τε was kept constant at 2.0E-11, εrs was varied
from 12 to 88; the remaining parameters are those used for medium c in Table 3.1.
and therefore the velocity. Figure 3.6 displays the velocity and amplitude curves as a
function of δ for a 500-MHz EM wave in a dispersive medium. While the attenuation
remains almost flat at 17 dB/m, the phase velocity ranges between 8 and 3 cm/ns.
In this case, the imaginary part of εr , and therefore the absolute permittivity,
becomes larger with increasing δ. From equation (3.5), the magnitude of p decreases
with increasing ε. Figure 3.5 shows the complicated polarization ellipse and the
magnitude of p for media with increasingly larger δ values. The influence of increasing
δ on εr is the same as that of increasing εr in non-dispersive medium, discussed above.
To isolate the influence of the medium loss only on p, I use a certain combination
of parameters, such as those of medium c in Table 3.1. These parameters make the
influence of τε, in the range 1 ∗ 10−11 − 24 ∗ 10−11 second, on the velocity of the 500 -
MHz signal unnoticeable because ω τε < 1. In this model, however, increasing τε or σ
27

















Figure 3.7. Co-polarized (solid line) and cross-polarized (dash line) response as a
function of electric-loss tangent for metallic, low-velocity (water), and high-velocity
(air) cylinders embedded in a lossy medium (c in Table 3.1) at a depth of 80 cm. The
horizontal line is the 60 -dB threshold line. The peak frequency of the incident signal
is 500 MHz.
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Medium εrs εr∞ τε (s) σ (S/m) µr
a. dry sand 3.3 3.3 0.0 0.01 1.0
b. wet sand 7.3 7.3 0.0 0.05 1.0
c. dispersive sand 16.0 4.0 2.0E-11 0.03 1.0
d. CSM sand 12.0 12.0 0.0 0.01 1.2
Table 3.1. Debye parameters for the host media used in this study (Annan, 1992).
Pipe Type εrs εr∞ τε (s) σ (S/m) µr
1. metallic pipe 100.0 100.0 0.0 100 100.0
2. water-filled pipe 80.0 80.0 0.0 0.1 1.0
3. air-filled pipe 1.0 1.0 0.0 0.0 1.0
Table 3.2. Debye parameters for the cylinders used in this study (Annan, 1992). The
outer shells of the water-filled and the air-filled pipes are assumed to be composed of
negligibly thin plastic.
causes increased attenuation for both components, the co- and the cross-polarized.
In Figure 3.7, I use the dispersive sand c listed in Table 3.1 as a medium in which
the three cylinders in Table 3.2 are buried. The electric-loss tangent is a parameter





ω ε′ . Changing the value of τε causes the dielectric relaxation part of
the loss-tangent curves, such as curve (c) shown in Figure 4.2, to shift in frequency.
In our model, increasing τε shifts the curve up and to the left, which causes increase
in the attenuation of the 500 -MHz signal. Above the detection threshold line, set at
60 dB relative to the amplitude of the input electric field, the co- and cross-polarized
responses are almost parallel to each other for all cylinders. This indicates that
there is no clear relation between medium loss and the depolarization process. The
question is “What is the maximum loss before the cross-polarized component becomes
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undetectable?” The answer depends on the cylinder radius, depth, and composition
contrast. The first two factors cannot be fully studied here since this analysis is
based on plane waves only. The composition contrast, however, influences the cross-
polarized response as shown in Figure 3.7. For a medium with a specific loss, the
difference in amplitude between the co-polarized and the cross-polarized amplitude
is small for the metallic cylinder when compared with that for the high- and the low-
velocity cylinders. This means that detectability of the cross-polarized component






The scattering of EM waves from a cylinder is investigate numerically using a
finite-difference program. I test the influence of different medium parameters, and,
in the last section, I find, numerically, the optimal frequency that yields the best co-
and cross-polarized response.
4.2 Introduction
In this chapter, I study synthetic GPR data modeled using different host media.
The analysis in the previous section is based on incident plane waves. It does not take
into account the radiation pattern of the antennas, the attenuation due to spherical di-
vergence of the waves, and the existence of the air-ground interface. For more realistic
modeling, I use finite-difference numerical modeling to account for these phenomena.
The program used here is GprMax3D (version 1.5), which was written by Antonis
Giannopoulos from the University of Edinburgh, Scotland (Giannopoulos, 2003). The
program solves Maxwell’s equations using the finite-difference time-domain method
(FDTD). Details about the modeling parameters used in this program can be found
in the author’s manual (Giannopoulos, 2003). A copy of the setup file used in each
model can be found in the attached CD; see appendix D for a list of these setups.
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4.3 The Model
The cylinder in our model is 4 -m long and 0.1 -m in diameter, and is buried
horizontally at a depth of 0.6 m to top of the cylinder to ensure that it is at the far-
field region. The traverse is at an azimuth of 45◦ with the axis of the cylinder, as shown
in Figure 2.3. The GPR data are modeled using a transmit antenna linearly polarized
parallel to the survey line, θp = 45
◦. This orientation induces the maximum cross-
polarized energy, as was discussed above. Tables 3.1 and 3.2 show Debye parameters
for the host media and the scattering cylinders used in this modeling study, where σ
is measured in Siemens/meter (S/m). The magnetic permeability of the host media
and the cylinders are assumed to have real values, for all models, which implies no
magnetic loss. Variations of phase velocity, attenuation, and electric loss-tangent of
the EM waves as a function of frequency are shown in Figures 4.1 and 4.2. Note that
the velocity function for each of the three media is almost flat in the GPR frequency
range. This indicates that any changes in the phase of the wavelet are due mostly
to attenuation variations with frequency. The media are assumed to be isotropic
and homogeneous with no volume scattering loss. The attenuations in the wet and
the dispersive sands are high because of dielectric relaxation and conduction. Three
different media for the cylinders are used in the modeling: metallic, water-filled, and
air-filled cylinders. The shells of the water- and air-filled cylinders are assumed to be
made of negligibly thin PVC, compared to the wavelength.
In this modeling, a Hertzian dipole antenna is used as a transmit source. Com-
pared to the wavelength, it is a short thin, linear conductor. The input signal is a
450 -MHz Gaussian wavelet whose amplitude is 200 Ampere. In GPR practice, this is
not a realistic size antenna since the length of the dipole antenna is usually compa-
rable to a wavelength. This antenna, however, should be enough for the purpose of
33

































Figure 4.1. Velocity and attenuation as a function of frequency for the three media
listed in Table 3.1.





















Figure 4.2. Loss tangent as a function of frequency for the three media listed in
Table 3.1.
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this study if we concentrate on the traces near the top of the cylinder and ignore the
artifacts in the far traces. The radiation pattern of the antenna when polarized in the
x-direction is shown in Figure 4.3. Notice that although the antenna is polarized in
the x-direction, the antenna also radiates a y-component electric field. This creates
artifacts in modeled cross-polarized traces that are not directly above, or nearly so,
the cylinder. More accurate data modeling requires a detailed model for the antenna.
Also, not shown here, increasing the host-medium permittivity ε does not change the
pattern shape shown in the figure, but only makes it more vertically focused as found
by Powers (1995).
4.4 Modeling Results
Figure 4.4 shows the scattered field components, E‖ and E⊥ in Figure 2.3, from
a metallic cylinder for the three different host media, a, b, and c, listed in Table 3.1.
Note that for the plotting purpose, all the profiles were gained by the same amount,
34 dB. For comparison, we concentrate on the traces close to the apex of the diffraction
hyperbola to avoid the antenna artifacts mentioned above.
The modeled data demonstrate the result arrived at earlier: as the GPR signal
velocity decreases, most of the energy is scattered with the same input polarization.
For the wet and the dispersive sand, the overall amplitude of the scattered waves is
small when compared with that of the dry sand. The magnitude of the polarization
factor p is the largest, 0.26, for the dry-sand host medium; it is 0.16 for the dispersive
sand and 0.08 for the wet sand. Therefore, in addition to propagation attenuation, the
cross-polarized component experiences more apparent attenuation due to the decrease
in the magnitude of p, caused by less significant depolarization.
In Figures 4.5 and 4.6, the metallic cylinder is replaced by water and air-filled
35
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Figure 4.3. Two snapshots of the radiated field components Ex and Ey from a
Hertzian dipole antenna polarized in the x-direction and placed in dry sand.
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cylinders, respectively. Although the scattering coefficients for these cylinders are
smaller than that of the metallic cylinder, the same conclusion can be made about
the magnitude of the polarization factor p in the three host media.
The scattering characteristics of a low-velocity cylinder, such as a water-filled
cylinder, are similar to that of a perfect conductor (Roberts, 1994). This can be
verified by comparing the primary diffraction hyperbola in Figures 4.4 and 4.5. Com-
parison of the co-polarized profile, E‖ , and the cross-polarized profile, E⊥ , of the
air-filled cylinder, Figure 4.6, reveals opposite polarity. On the other hand, the scat-
tered co-polarized and cross-polarized traces of both the metallic and the water-filled
cylinders have the same polarity, Figures 4.4 and 4.5.
The profile over the water-filled cylinder shown in Figure 4.5 is more ringy than
that of the other two cylinders. The multiple events marked R2 to R4 are the wave
reverberations inside the pipe. These are not observed in the air-filled PVC cylin-
der because the EM wavelength in air is much larger than the cylinder diameter.
Moreover, penetration depth of EM waves in the metallic cylinder is almost zero.
The event T1 is the wave scattered from the bottom of the cylinder after propagat-
ing through the water first. Interestingly, for the cross-polarized data this event has
a larger amplitude than event R1 which is scattered from the upper surface of the
cylinder. This is because the interior wall of the cylinder acts like a convex focusing
lens. Similarly, the second cross-polarized multiple R2 in all three media has larger
amplitude than the primary event R1. The amplitude of the co-polarized multiples,
however, decreases with time as would normally be expected. The number of models
created for different pipes with different diameter confirms that these observations
are not caused by thin-layer tuning. Also, the differences in the characteristics of
the first-arrival signal for data from different media, at the first 5 ns, are caused by
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changes in coupling between the antennas and the medium as the medium properties
changed.
4.5 Optimal Frequency
Not surprising, as the loss increases, the amplitudes of the co-polarized and the
cross-polarized data diminish. At a certain loss, the amplitude of the cross-polarized
energy might not be detectable. This threshold loss depends on the cylinder diameter
and burial depth. The scattering response of a cylinder depends on the ratio of inci-
dent wavelength to the cylinder radius, which in turn depends on the host-medium
properties as well as the frequency content of the incident field. The medium proper-
ties include the electric and magnetic properties and their variations with frequency.
For example, while the low-frequency components are mostly attenuated by the dielec-
tric loss, the high-frequency components are more attenuated by volume scattering
of the host medium
Given a host medium and a cylinder with certain size, what is the optimal
frequency that should be used to get the best co- and cross-polarized response? The
industry rule of thumb is that the scatterer size should be at least one-third of the
incident wavelength in the media (Annan, 1992). The modeled GPR data shown in
Figures 4.7 and 4.8 are for a fixed source and transmit antenna position and direction,
with central frequency varied from 100 MHz to 2.1 GHz. To assess the influence of the
cylinder size, three diameters are used: 0.05 m, 0.1 m, and 0.15 m. As was assumed
previously, the volumetric scattering of the host medium is not considered here.
Note that as frequency increases, the trace becomes more ringy; part of this
is due to the numerical dispersion. The trace over the water-filled cylinder, again,








































Figure 4.4. Scattered electric field components E‖ and E⊥ from a metallic pipe em-
bedded in dry sand (a), wet sand (b), and dispersive sand (c); a list of all media
parameters is given in Table 3.1. The cylinder is 0.1 m in diameter and 4 m in length;













































Figure 4.5. Scattered electric field components E‖ and E⊥ from a water-filled PVC
pipe embedded in dry sand (a), wet sand (b), and dispersive sand (c); a list of all
media parameters is given in Table 3.1. The cylinder is 0.1 m in diameter and 4 m in








































Figure 4.6. Scattered electric field components E‖ and E⊥ from a air-filled PVC pipe
embedded in dry sand (a), wet sand (b), and dispersive sand (c); a list of all media
parameters is given in Table 3.1. The cylinder is 0.1 m in diameter and 4 m in length;























Central Frequency (100 MHz)
Figure 4.7. One modeled trace for source and receiver directly above a metallic pipe,
Table 3.2, with a diameter of (a) 0.1, (b) 0.2, and (c) 0.3 m. The central frequency of
























Central Frequency (100 MHz)
Figure 4.8. One modeled trace for source and receiver directly above a water-filled
PVC pipe, Table 3.2, with a diameter of (a) 0.1, (b) 0.2, and (c) 0.3 m. The central
frequency of the transmit antenna varies from 100 to 2100 MHz.
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Figure 4.9. Wavelength as a function of frequency for media a, b, and c listed in
Table 3.1.
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primary scattering first increases with frequency, then decreases again. The optimal
frequencies for the 0.15-, 0.1-, and 0.05-m cylinders are 600 , 800 , and 1300 MHz,
respectively. Using the wavelength plot for the dry sand, curve (a) in Figure 4.9, one
can conclude that the best frequency to use is the one corresponding to a wavelength
equal to about twice the cylinder diameter.
A test similar to those shown in Figures 4.7 and 4.8, but involving an air-filled
pipe, has also been computed. It is not shown here because the data are very much the
same as those for the water-filled pipe. The results for optimum frequency, therefore,





In this chapter, I present real field data collected in the Great Sand Dunes
National Monument. The data support the results arrived at in the previous two
chapters. The characteristics of the scattered field depend largely on the medium
parameters of the cylinder as well as those of the host medium.
5.2 Introduction
The objective of the experiment is to demonstrate the dependence of GPR po-
larization on the host medium of the target. The experiment was conducted in the
Great Sand Dunes National Monument (the non-wilderness part of the park). Three
pipes were used in the study; a steel pipe, a water-filled PVC pipe, and an air-filled
PVC pipe. Each pipe is 2 m in length and 0.1 m (4 in) in diameter.
5.3 Experiment Setup
The three pipes were first buried at a depth of 0.7 m in wet sand with a relative
permittivity of 7.3. The sand in the top 0.1 m, however, was dry with a relative
permittivity of 3.3. These values were obtained by modeling the velocity to fit the
hyperbolic diffraction from the pipes. The relative permeability is assumed to be that
of free space.
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In the second part, the pipes were placed on the sabkha surface adjacent to a
sand dune, then buried under a 0.6-m thick layer of dry sand moved manually from
the top of the dune. The pipes were buried at these depths to ensure that they are
at the far field of the transmit antenna. The pipes were, unfortunately, close to an
interface, which caused an undesirable interference between the reflection from the
interface and the scattering from the pipe. In the first part, the interface is between
wet and saturated sand, marked c in the figures. In the second part, it is the sabkha
surface.
Three GPR data lines were acquired over each pipe; the traverse azimuths are
0◦, 45◦, and 90◦ relative to the axis of each pipe. In each line, four antenna configu-
rations were used; two co-polarized and two cross-polarized. The GPR system used
to acquired the data is the CSM pulseEKKO 1000 system using a 450-MHz antenna.
The data were processed using the GRORADAR software (version 2003.11). The only
processing done to the raw data was zero-time constant shift and rubber sheeting to
correct the acquisition geometry caused by the non-constant traverse motion of the
antennas. No gain was applied to all data. The data show the presence of several
layers in both the wet and the dry sand. They are marked on the figures; however,
no effort was made to match the reflections seen in the two locations since this is not
the purpose of this thesis.
5.4 Data Analysis
Figures 5.1 to 5.2 show all the lines collected in the wet sand. Five layers can be
identified that contributed to the clutter noticed in these lines. Because the acquisi-
tion system is not designed to collect cross-polarized data, a simple plastic sheet was




Figure 5.1. The 90◦ GPR traverse over the three pipes buried in wet sand. They
are, from left to right, water, air, and steel pipes. The configurations of the antennas
are shown at the top of each line; the transmitter is the thin line and the receiver is
the thick line. The antennas are pulled along the dashed lines shown relative to the
direction of the pipe along the right side of the profiles (see Figure 2.3).
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Figure 5.2. The 0◦ and 45◦ traverses over the steel pipe buried in wet sand.
Compare the 45◦-line with Figure 4.4(b).
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Figure 5.3. The 0◦ and 45◦ traverses over the water-filled pipe buried in wet sand.
Compare the 45◦-line with Figure 4.5(b).
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Figure 5.4. The 0◦ and 45◦ traverses over the air-filled pipe buried in wet sand.
Compare the 45◦-line with Figure 4.6(b).
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Figure 5.5. The 0◦, 45◦, and 90◦ traverses over the steel pipe buried in dry sand.
Compare the 45◦-line with Figure 4.4(a).
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Figure 5.6. The 0◦, 45◦, and 90◦ traverses over the water-filled pipe buried in dry
sand. Compare the 45◦-line with Figure 4.5(a).
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Figure 5.7. The 0◦, 45◦, and 90◦ traverses over the air-filled pipe buried in dry sand.
































Figure 5.8. A 45◦ GPR traverses over the utility pipes near the Green Center at
CSM, Golden. The dashed lines at the top and the right side show the direction of
the traverse relative to the pipes. The horizontal dashed lines in the plot are the 5 ns
time lines.
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The sheet worked well for the VH, but not for the HV configuration; the antenna
kept rotating, causing orientation to be unstable. Therefore, in all the data, the VH
configuration is more reliable than the HV one.
Figure 5.1 shows the HH response of the three pipes traversed at 90◦, with the
best response obtained from the steel pipe. The multiple scattering from within the
water pipe, R2, and R3, can also be noticed. Notice how large the amplitude of R2
is compared to the primary scattering from the three pipes. The reverberation of the
waves inside the water pipe can also be noticed in the 0◦ and 45◦ lines. The non zero
VH and HV responses of the pipes at 0◦ and 90◦ is an artifact of imperfect orientation
of the survey line or of the two antennas.
The usefulness of the cross-polarized data in imaging can be appreciated when
comparing the VH line in the 45◦ section with any other line. The diffraction hyper-
bola for the three pipes can be distinguished with minimal interference from other
reflections such as that from the horizontal layering.
The data collected in the dry sand are displayed in Figures 5.6 to 5.7. The data
are superior to those of the wet sand data. Because of problems in the instruments, the
cross-polarized data over the air-filled pipe are noisy (Figure 5.7). Again, in addition
to the scattering from the pipes, eight reflectors (A - G) can be identified in these
data. The scattered field from the water-filled pipe shows the same reverberations
within the pipe noticed in the wet sand.
The slow GPR velocity in the wet sand, 11 cm/ns compared to 17 cm/ns in the
dry sand, causes a decrease in the magnitude of the polarization factor. This can be
observed by comparing the ratio of the VV amplitude over the VH amplitude of the
45◦ lines for the three pipes. The magnitude of the ratio is smaller for the wet sand,
which confirms the result seen in the previous two sections. The above qualitative
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results could be confirmed by finding estimated numerical values of the ratio. Visual
comparison should, however, be enough for the purpose of our study.
Another result obtained from the modeling study and verified here is that at 45◦
lines the scattered co-polarized data from the air-filled pipe have an opposite polarity
when compared with the cross-polarized data. Compare the polarity of the VV or
HH data with the polarity of VH or HV data in the 45◦ lines in Figures 5.3, 5.2, and
5.4. A similar conclusion can be made when comparing the data from different pipes
in the dry sand.
The comparison in both media is not as clear as in the modeling because of
the noise in the wet-sand sections and missing data in the dry sand. To verify this
result, I used the data shown in Figure 5.8. This GPR line was acquired by David
Stillman at Colorado School of Mines (CSM) (Stillman, 2000) using the same system,
pulseEkko 1000, and the same antennas, 450 MHz, used above. The line is located
near the Green Center, CSM in Golden, and runs at 45◦ relative to the direction of
the utility pipes. The diffractions at 15 ns two-way time, traced by the dashed line,
are opposite in polarity, compared with the co-polarized (HH) and the cross-polarized
(VH) sections. Note that the cross-polarized diffraction interferes with linear noise
at 15 ns. According to our result, the pipes should be air-filled pipes. In fact, the
pipes were verified to be two plastic conduits (Stillman, 2000). The deep hyperbolic




The polarization characteristics of the scattered waves from a cylinder are influ-
enced by many factors. Here I studied the influence of host medium properties such
as velocity and loss. There is an inverse proportional relation between the medium
velocity and the amplitude of the cross-polarized data. This relation was determined
analytically and verified numerically and through real field data.
The amplitude of the scattered co- and cross-polarized responses decreases with
the loss in the same way. In a high loss medium, however, the cross-polarized com-
ponent might not be detectable. The detectability depends largely on the depth,
size, and the composition contrast. To get the best co- and cross-polarized response,
we need to use an incident signal with a peak frequency that makes the ratio of
wavelength-to-diameter about two. This wavelength is smaller than that typically
used in the industry rule of thumb; three times the scatterer size.
I also found that by comparing the co-polarized and the cross-polarized scattered
fields, the composition contrast between the pipe and the host medium can be iden-
tified. For example, the two components have opposite polarity for air-filled pipes,
unlike the metallic or the water-filled pipes.
For future work, one can further study numerically the relationship between the
polarization factor and the medium parameters. Such a relationship would be useful
in estimating the medium parameters from polarimetric data. More information can
also be obtained by modeling field data, the co- and cross-polarized components,
using a 3D numerical program, such as that used in this study.
In this study the vertical angle of incidence is assumed to be 90◦ because the
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cylinder and the antennas are assumed to be placed on horizontal planes. The polar-
ization characteristics should be studied when any of these assumptions are violated.
One application is using directional antennas to induce more significant depolariza-
tion.
Saudi Aramco is the largest oil and gas producing company in the world. Its
infrastructure includes thousands of miles of metallic and non-metallic pipes. The
GPR method can be beneficial not only in locating pipes, but also in detecting leaks,
for large oil and gas operations worldwide.
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SCATTERING OF A PLANE WAVE FROM A CYLINDER AT
OBLIQUE INCIDENCE
In this section I present the exact solution of an oblique plane wave diffraction by
a homogeneous dielectric cylinder given by Wait (1955). The exact solution is simpli-
fied in the next section by making some assumptions. The exact and the approximate
solutions are used in the main text for analysis and modeling.
Assume that a cylinder with a radius a, electric permittivity ε2 , and magnetic
permeability µ2 is buried at depth d in a host medium whose electric permittivity is
ε
1
and magnetic permeability is µ
1
. The values of µ and ε of the medium and the
cylinder are generally complex. The propagation constant of the wave in the host
medium and in the cylinder are γ1 and γ2, respectively, where γ = jω
√
εµ.
In the cylindrical coordinate system (ρ , φ , x) shown in Figure 2.3, the cylinder
occupies the space ρ ≤ a. The direction of the incident plane wave makes an angle
θi with the negative x-axis. In the first case, the wave is assumed to be polarized
such that the electric vector is parallel to the incidence plane φ = 0, i.e., this is a
transverse magnetic TM wave. At any point (φ, ρ, x), the x-component of the electric





−jγ1x cos θiejωte−jγ1d sin θiejγ1ρ cosφ sin θi
H ix = 0 . (A.1)
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Any plane wave can be represented as an infinite sum of a series of Bessel func-








(−j)nJn(jγ1ρ sin θi) Fn , (A.2)
H ix = 0 ,
where
Fn = e
−γ1x cos θiejωtejnφe−γ1d sin θi .
Since the cylinder is assumed to be infinite in length, the scattered fields must be












n (jγ1ρ sin θi) Fn , (A.3)
where H
(2)
n is Hankel function of the second type. Similarly, the transmitted wave








btnJn(jγ2ρ sin θt) Fn , (A.4)
where θt is the transmission angle obtained from Snell’s law:
γ
1
cos θi = γ2 cos θt.
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The scattering, asn and b
s




n, coefficients are to be
determined from the boundary conditions at the surface of the cylinder. Note that
since the fields are required to be zero at infinity as well as at the center of the cylinder,
Hankel functions are used in presentation (A.4) while Bessel functions are used in
presentation (A.3). Maxwell’s equations in a cylindrical coordinate system are then
used to find the remaining components of the incident, scattered, and transmitted





































n (jγ1ρ sin θi) Fn ,
(A.5)
where the prime indicates the derivative with respect to the argument of the Hankel






n, are solved for using the following

























































































v = jaγ1 sin θi ,












In the second case, we consider the polarization of the incident wave to be such
that the magnetic field vector is parallel to the plane φ = 0, transverse electric T.E.
wave. Then the incident wave can be written as:






(−j)nJn(−γ1ρ sin θi) Fn,
Eix = 0 . (A.10)
From the symmetry of the problem, the solution is obtained from the solution of
the first case after making the following substitutions: E is replaced by H, H by −E,
ε by µ, and µ by ε. Note that in this case E i
TM0
and K, which appear in the scattering
coefficients asn and b
s

























n (jγ1ρ sin θi) Fn .(A.11)
A.0.1 Normal Incidence
Assume that the plane wave is normally incident on the cylinder (θi = 90
◦),
and suppose that the electric field vector makes an angle θp with the positive x-axis,
Figure 2.3. The amplitude of the wave E i0 can be decomposed into two components:
Ei
TM0
= Ei0 cos θp and E
i
TE0
= Ei0 sin θp. The induced scattered field for each compo-
nent was found in the two cases studied above. Equations (A.10), however, require




. Using Maxwell’s equation
H = − 1
jωµ
∇×E ,

























(jγ1ρ) Fn . (A.13)









when Ei0 has no transverse component, θp = 0, so a
s
nTE = 0. Also, when E
i
0 is
purely transverse, θp = 90, so a
s
nTM = 0. For any other angle θp, and only to gain














tan θp . (A.15)































The electric fields given in equation (A.13) is simplified further by applying the above





















































RAW GPR DATA FILES
Raw data files that were collected in the Great Sand Dunes National Monument
and used in this thesis were archived into a CD accompanying the thesis. This
appendix lists the directories in the CD and describes the naming convention. To
view or process these data, you need a software capable or reading files with DT1
formate, such as Seismic Unix (SU) processing software. The acquisition parameters
can be found in the header files (those having an extension HD); they can be read
using any ASCII text editor. A marker flag was set in the trace headers every 10 cm.
Data Directory Describtion
Air-Wet data acquired over the air-filled pipe when buried in the wet sand
Air-Dry data acquired over the air-filled pipe when buried in the dry sand
Watr-Wet data acquired over the water-filled pipe when buried in the wet sand
Watr-Dry data acquired over the water-filled pipe when buried in the dry sand
Stel-Wet data acquired over the steel pipe when buried in the wet sand
Stel-Dry data acquired over the steel pipe when buried in the dry sand
Al90-Wet the 90◦ lines over all the pipes when buried in the wet sand
Table B.1. List of data directories.
Naming convention
Every survey line is named according to the pipe type, medium type, line orien-




where the first letter is always Z. The remaining symbols are explained bellow.
X denotes medium type. It is W if the pipe is buried in the wet sand and A if it is
buried in the dry sand.
YY denotes pipe type. It is WA for a water-filled pipe, AR for an air-filled pipe,
ST for a steel pipe, and AL if the line goes over all three pipes.
A represents the angle of the traverse with respect to the orientation of the pipe. It
is 0 if the line is parallel to the pipe, 9 if the line cuts across the pipe, and 4 if the
angle between the pipe and the traverse is 45◦.
SR represents the orientation of the transmit, S, and the receive, R, antennas. It is
either H if the antenna is directed 90◦ with respect to traverse direction or V if the
it the antenna is parallel to the traverse.





A list of the MATLAB programs that I used in the exact modeling is provided
in this appendix. These programs can be found in the CD accompanying the thesis.
Running these programs requires MATLAB software (version 6.0). The programs,
however, can be viewed or edited using any ASCII text editor.
Program Description
modlRspn.m The main script to compute the response of a model of
a cylinder embedded in a homogeneous medium
sctrTime.m A function that computes the time response of
mono-frequency EM waves scattered from a pipe
sctrHfrq.m A function to compute the frequency response of an
input horizontal polarization (parallel to the orientation
of the cylinder) of mono-frequency EM waves
sctrVfrq.m A function to compute the frequency response of an
input vertical polarization of mono-frequency EM waves
sctrCoff.m A function to compute the scattering coefficients
of the two polarization components
inptParm.m A function to define all required parameters of the medium,
the cylinder, and the input signal
input Eo.m A function that defines the Ricker wavelet
calcWnmb.m A function that computes the permittivity, permeability,
wave constant and loss tangent for mono frequency EM waves
media.m A function that lists the Col-Col parameters for different media
incd.m A function used to model transmitted EM waves in a medium





Copies of the setup files used to generate the synthetic GPR data can be found
in the attached CD. This appendix is intended to give a list of these files and the
Figures in which they were used. They can be viewed or edited using any ASCII text
editor. To be able to run these setups, one needs the modeling program GPRMAX3D
(version 1.5) (Giannopoulos, 2003). The output of the program can be chosen to be
either in binary or in ASCII format. In either case, the website of the programmer
provides a format description as well as utilities programs to read the output files.
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File Figure Description
scattered field from a metallic pipe.
mtl-pipe 4.4 Three host media are used; they are listed in
file ’media’: dry-sand, wet-sand, disp-sand.
scattered field from a water-filled pipe.
wtr-pipe 4.5 Three host media are used; they are listed in
file ’media’: dry-sand, wet-sand, disp-sand.
scattered field from a air-filled pipe.
air-pipe 4.6 Three host media are used; they are listed in
file ’media’: dry-sand, wet-sand, disp-sand.
media all A list of Debye’s parameters for all media
used in the modeling
rad-ptrn 4.3 The radiation pattern of the incident signal
Scattered field for a metallic pipe and a single source-receiver.
mtl-freq 4.7 location. The central frequency of the signal is varied.
The test is repeated for three different pipe sizes.
Scattered field for a water-filled pipe and a single source-receiver.
wtr-freq 4.8 location. The central frequency of the signal is varied.
The test is repeated for three different pipe sizes.
Table D.1. A list of setup files.
